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Abstract
Weexplore excitation transport within a one-dimensional chain of atomswhere the atomic transition
dipoles are coupled to the free radiation ﬁeld.When the atoms are separated by distances smaller or
comparable to thewavelength of the transition, the exchange of virtual photons leads to the transport
of the excitation through the lattice. Even though this is a strongly dissipative system,weﬁnd that the
transport is subradiant, that is, the excitation lifetime is orders ofmagnitude longer than the one of an
individual atom. In particular, we show that a subspace of the spectrum is formed by subradiant states
with a linear dispersion relation, which allows for the dispersionless transport of wave packets over
long distances with virtually zero decay rate.Moreover, the group velocity and direction of the
transport can be controlled via an external uniformmagneticﬁeldwhile preserving its subradiant
character. The simplicity and versatility of this system, together with the robustness of subradiance
against disorder,makes it relevant for a range of applications such as lossless energy transport and
long-time light storage.
1. Introduction
An ensemble of emitters couples collectively to a common electromagnetic bath, as was already investigated
theoretically in the seminal papers ofDicke, Lehmberg andAgarwal in the 1950s and 70s [1–3]. Here, the
exchange of virtual photons results in induced dipole–dipole interactions [4–6] and collective Lamb and
Lorentz–Lorenz shifts [7–13].Moreover, the emission of photons into the bath takes place at a ratemuch faster
or slower (so-called super- and subradiance, respectively) than the single atomdecay rate [14–21]. This
cooperative behavior is featured both in dense ensembles, where the interparticle separations are comparable to
thewavelength of the scattered light, and in dilute oneswith a very large number of emitters. Super- and
subradiance have been observed experimentally not only in atomic gases, but also inQED circuits [22, 23],
metamaterial arrays [24], and quantumdots [25–27]. This collective atom-light coupling has found a variety of
applications such as storage of light via the preparation of subradiant states through phase-imprinting protocols
[28–38], topologically protected transport of excitations [39, 40], or efﬁcient long-range energy transport
[41–46].
In this paper, we show that it is possible to realize subradiance-protected transport of awave packet through
a dense atomic chainwith lifetimesmany orders ofmagnitude longer than the one of an individual atom. This is
achieved bymaximizing the overlap of thewave packet with a subradiantmanifold of states that possess a linear
dispersion relation. Further control over the transport can be attained by effectively changing the orientation of
the transition dipoles via an external uniformmagnetic ﬁeld. In particular, we show that the group velocity of the
wave packet can be brought close to zerowhile preserving its long lifetime. Finally, we analyze the effect of
disorder, which arises from thewidth of the external wavefunction of the atoms in each lattice trap and is
inevitable in a realistic experimental scenario. Even though this can lead to the suppression of the transport of
thewave packet due to localization [47, 48], weﬁnd that the subradiant character of the dynamics is robust
against the presence of disorder [49, 50].
OPEN ACCESS
RECEIVED
13May 2019
REVISED
26 June 2019
ACCEPTED FOR PUBLICATION
12 July 2019
PUBLISHED
30 July 2019
Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.
Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
© 2019TheAuthor(s). Published by IOPPublishing Ltd on behalf of the Institute of Physics andDeutsche PhysikalischeGesellschaft
2. Interaction between the atoms and the radiationﬁeld
2.1.Master equation
Weconsider an ensemble ofN atoms at positions rαwithα=1,K,N, each one tightly trapped in the sites of a
one-dimensional lattice with lattice constant a (seeﬁgures 1(a) and (b)). The internal degrees of freedomof each
atomare considered as a generic J=0→1 transition, with a single ground state ñ∣g and three degenerate
excited states - ñ∣ 1 , ñ∣0 and + ñ∣ 1 . The energy difference between the ground and excited states is denoted by
w l= hc , whereλ is thewavelength of the transition.We choose the transition dipolemomentd0 of the
ñ  ñ∣ ∣g 0 transition to be alignedwith the quantization axis (z-axis) (ﬁgure 1(c)).
The atoms are in contact with the radiation ﬁeld, whichwemodel as a thermal bath at zero temperature,
whose degrees of freedomare traced out.Within the Born–Markov and secular approximations [1–3], the
master equation for the dynamics of the internal degrees of freedom encoded in the reduced densitymatrix ρ
yields [51]
 r r r= - +˙ ( ) [ ] ( ) ( )t H
i
, . 1
TheHamiltonianH describes the coherent long-ranged exchange of virtual photons among the atoms and is
given by
 å= ¢
a b
a ab b
¹
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where =a a a a+ -( )d d dd T1 0 1 and ¢ =a a a a+ -( )† † †d d dd T1 0 1 with the atomic lowering and raising operators
deﬁned as = ñ áa a∣ ∣d g mm and = ñ áa a∣ ∣†d m gm , respectively, form=−1, 0,+1 andα=1,K,N. The coherent
exchange rate between two atomsα andβ is represented by the coefﬁcientmatrix
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Figure 1.The system.We consider a one-dimensional chain of atomswith nearest neighbor separation a in (a) a ring and (b) a linear
chainwith open boundary conditions. Thewave packet that contains the excitation is transported via dipole–dipole interactions
induced by the collective coupling to the radiation ﬁeld at zero temperature. (c)Weconsider the following internal atomic levels in
each atom: a ground state ñ∣g and three degenerate excited states - ñ ñ + ñ∣ ∣ ∣1 , 0 , 1 . The degeneracy is lifted by the shift of  ñ∣ 1 by
mD =  ∣ ∣g BB when an external uniformmagneticﬁeldB is alignedwith the dipolemoment d0 of the ñ  ñ∣ ∣g 0 transition
(quantization axis). (d): The polar angle θ of abr (separation between theαth andβth atoms) controls the strength of the interactions
and the collective character of the dissipation.
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All exchange rates between the internal states are proportional to the single-atomdecay rate γ and depend on the
reduced distance between the two atoms k p l= abr2 . Here, =ab ab∣ ∣r r is themodulus of the separation
between the two atoms = -ab a br r r , and θ andj are the angles between abr and the transition dipolemoment
d0 and the x-axis, respectively (see ﬁgure 1(d)).
For small values ofκ (near-ﬁeld) the exchange interactions (3) decay approximately as 1/κ3. Here, for a
ﬁxed value ofκ, both the strength and sign of the interactions can be tuned by changing the angle θ (e.g.
q k» -( )V 2 1 3 cos00 2 3). Control over this angle and, hence, the interactions, is obtained by applying a
uniformmagnetic ﬁeld = ( )B B BB , ,x y z , represented in themaster equation (1) by substituting  + DH H H ,
with
å= ¢ D
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withμB being the Bohrmagneton and g the Landé g-factor.
The second termof themaster equation (1) represents the dissipation via incoherent emission of photons
into the radiation ﬁeld and it is given by
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The coefﬁcientmatrix Gab¯ encodes the dissipative couplings between the atoms and has a similar structure to the
coherent interactionmatrix:
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The atoms couple to the radiationﬁeld as a collective and not as individuals. As a consequence, the decay rates in
the systemdiffer signiﬁcantly from those of single emitters [1–3], with some beingmuch larger and othersmuch
smaller than the single-atomdecay rate γ (corresponding to so-called superradiant and subradiant emission
modes, respectively). This collective character becomesmore pronounced for small reduced distancesκ, i.e.
small ratios a/λ, reaching regimeswhere some of the radiationmodes are almost completely dark (with virtually
zero decay rate). The population of these subradiantmodes is themechanism that allows for the prolonged
storage of light in the atomic system.
2.2.Dynamics in the single excitation sector
Throughout, wewill assume that the initial state contains a single excitation localized over a few lattice sites of
the chain (ﬁgures 1(a) and (b)). This single excitation (in one of the three states - ñ ñ∣ ∣1 , 0 , or + ñ∣ 1 ) is transported
3
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via the exchange interactions given byH (which conserve the number of excitations), while the action of
dissipation can only decrease the number of excitations to zero. Thus, the dynamics can be described in a
truncated space formed by themany-body ground state ñ º ñ Ä ñ Ä ñ∣ ∣ ∣ ∣G g g g... N1 2 and the single-excitation
states ñ º ñ Ä ñ ñ Ä ña a∣ ∣ ∣ ∣ ∣e g g m g... ...m N1 2 , for all a = N1 ... andm=−1, 0,+1.Here, the densitymatrix
takes the form
r
rr
r
r= ⎜ ⎟
⎛
⎝
⎞
⎠¯ ( ), 8
GG Ge
eG ee
where r r= á ñ∣ ∣G GGG , r r= á ñ∣ ∣G eGe , r r= á ñ∣ ∣GeeG , and r r= á ñ¯ ∣ ∣e eee , with ñ∣e being a row vector containing
all single-excitation states ña∣em .
At this point it is convenient to rewrite themaster equation (1) as
  år r r= - + G ¢a b a ab b˙ [ ] · ¯ ( )d d
i
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with the effective (non-Hermitian)Hamiltonian
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where =aaV¯ 0 and dD = Dab aa ab¯ ¯ . Here, using that within the truncated subspace ñ =b ∣†d e 0m , one easily
obtains that the time-evolution of the elements of r¯ee (a 3N×3Nmatrix) is decoupled from the dynamics of the
remaining elements (see appendix), obeying the equation
r r= -¯˙ [ ¯ ] ( )H
i
, , 11ee eeeff
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Here, V¯ , G¯, and D¯, are ´N N3 3 matrices whose components forα,β=1,K,N are given by equations (3), (7)
and (5), respectively.
Wewill consider the initial state in all cases as a pure state, and hence r y y= ñá¯ ∣ ( ) ( )∣t tee with
å åy ñ = ñ
a
a a
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∣ ( ) ( )∣ ( )t c t e , 13
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where a ( )c tm is the probability amplitude of theαth atombeing excited to the ñ∣m state. The state (13) evolves
under the non-HermitianHamiltonianHeff.While the equation (9) for the densitymatrix is trace preserving,
r =[ ]Tr 1, the value of ρGG increases over time due to the dissipative dynamics. Therefore, the survival
probability, i.e. the probability for not emitting a photon into the radiationﬁeld, is given by the normof thewave
function
å å=
a
a
= =
( ) ∣ ( )∣ ( )P t c t , 14
N
m
m
sur
1 1,0
2
which decreases as a function of time.
The instantaneous photon emission rate, also called activity, is given by
åá ñ = á ¢ G ñ
a b
a ab b( ) · ¯ ( )K t d d . 15
,
Avalue of the activity larger (smaller) than the single atomdecay rate γ for a state with large excitation density is
indicative of collective superradiant (subradiant) behavior of the photon emission. For example, for a single two-
level atom excited to ñ∣e , the activity at t=0 is simply given by gá ñ =( )K 0 , i.e. the single atom emission rate.
Extending this systemnow toN=2 two-level atoms, with an initial state that is either a symmetric (+) or anti-
symmetric (−) superposition of each atombeing excited y ñ = ñ  ñ∣ ( ) (∣ ∣ )e e0 1
2 1 2
, the initial activity is
á ñ = G  G  G + G( ) ( )K 0 1
2 11 12 21 22
. In the limit of non-interacting atoms, the coefﬁcients tend towards
gG =aa and G =a b¹ 0. The activity in this case is therefore gá ñ =( )K 0 , as onewould expect; the atomic
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separation is large enough so that the atoms behave as independent emitters. Conversely, when a 0, all
coefﬁcients are gG »ab . A symmetric initial state then has associated a large activity, gá ñ =( )K 0 2 , while for the
anti-symmetric state it yields á ñ =( )K 0 0, hence demonstrating cooperative effects in the formof super- and
subradiant emission rates.
3. Subradiant transport on a ring lattice
First, we focus on a ring lattice, as illustrated inﬁgure 1(a) [35–37]. Here, thematrices V¯ and G¯ are symmetric
circulant due to the periodic boundary conditions such that, for each orientation of the transition dipolem, the
simultaneous eigenstates for bothmatrices are given by the planewaves
åñ = ñ
a
a a
=
- -p∣ ∣ ( )( )( )k
N
e
1
e , 16m
N
k q m
1
i 1N
2
with = - -⌊ ⌋ ⌊( ) ⌋k N N2 ,... 1 2 and = ⌊ ⌋q N 2 . For illustration purposes, wewill consider in the following
the casewhere only the ñ∣0 state is excited initially, andwhere the ring plane is perpendicular to the dipole
momentd0 (i.e. θ=π/2). Here, both the coherent and incoherent couplings between ñ∣0 and  ñ∣ 1 vanish
=(V 010 andΓ10=0 in equations (3) and (7)), and hence the dynamics is determined solely byV00 andΓ00. The
initial state can bewritten as
å åy ñ = ñ = ñ
a
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N
c k0
1
, 17
k
k
0 0
0
where the coefﬁcients ac0 and ck represent the probability amplitude distribution of the initial state in real and
momentum space, respectively. Conversely, the time-evolved state takes the form
åy ñ = ñ- - G( )∣ ( ) ∣ ( )t
N
c k
1
e , 18
k
k
V ti i
0
k
k
2
whereVk andΓk are the eigenvalues of thematrices V¯ and G¯, respectively. Note that the collective character of
the dissipation is reﬂected here in the decay ratesΓk, which are either larger or smaller than the single atomdecay
rate γ, corresponding to ñ∣k0 having superradiant or subradiant character, as illustrated inﬁgure 2(a), whileVk
represents the energy of the correspondingmode.
Let us start by considering the initial state to be ñ∣e0 1, i.e. an excitation localized on a single site of the lattice
such that d=a ac0 1. This state can bewritten as a symmetric superposition of all planewaves (16), i.e.
åy ñ = ñ∣ ( ) ∣ ( )
N
k0
1
, 19
k
0
and its time-evolution is then given by
åy ñ = ñ- - G( )∣ ( ) ∣ ( )t
N
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1
e . 20
k
V ti i
0
k
k
2
This dynamics is depicted inﬁgure 2(b), wherewe observe that the initial wave packet splits into two that travel
in opposite directions. Thesewave packets disperse quickly due to the nonlinearity ofVk as a function of
p=( ) ( )p k k Na2 (see ﬁgure 2(a)).More importantly, the superradiant components (with largeΓk) decay very
fast and only the subradiant ones remain populated. This is seen inﬁgure 2(c), which shows a plateau in the
survival probability Psur, and near-zero emission rate á ñK after a rapid initial decay. The height of the plateau of
Psur is approximately given by the number of subradiant eigenstates (much larger than the number of
superradiant ones, as can be seen inﬁgure 2(a)) divided by the total number ofmodesN3. For aﬁxed value of
a/λ, this ratio remains almost constant when increasing the number of atomsN. For aﬁxed size of the systemN,
on the other hand, reducing a/λ increases the relative number of subradiant eigenstates and hence the survival
probability, as can be seen inﬁgure 2(d). In all cases considered, the lifetime of the excitation is dramatically
longer than in the case of a single atom.
As can be observed inﬁgures 2(a) and 3(a), the dispersion relation in the subradiant part of the spectrum is
approximately linear (excluding the states withmomentum p(k) close to±π/a and near the superradiant
region). Therefore, one can expect to have lossless-propagatingwave packets with a constant group velocity
(given by the gradient ofVk)without dispersing.We illustrate this by initializing the systemwith aGaussianwave
packet centered inmomentum space at p(ks) (center of the linear dispersionmanifold) andwidthσk small
enough to ensure thatmost components of thewave packet are located in the linear dispersion regime (see blue
solid line inﬁgure 3(a)):
3
Note that this approximation only holds for small enough values of a/λ. As this ratio is increased, the decay rateΓk of the subradiant states
get closer to γ and hence the plateau only holds for a small period of time τ, given by the difference between 1Γk and 1Γk+1.
5
New J. Phys. 21 (2019) 073061 J ANeedham et al
åy psñ = ñ
- s
-
∣ ( ) ∣ ( )
[ ( ) ( )]
k0
1
2
e . 21
k k
0
p k p ks
k
2
4 2
In real space this is also aGaussianwave packet
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whose probability distribution is sketched on the left-hand side ofﬁgure 3(b). Here, it is shown that suchwave
packets travel indeedwithout appreciable dispersion around the ring.Moreover, the lifetime of the excitation is
extremely long: its effective decay rateΓeff is six orders ofmagnitude smaller than the single atomdecay rate γ. A
similar reduction of the decay rateΓeff is also achieved for different system sizesN and ratios a/λ, as it can be
observed inﬁgure 3(c).
4. Finite linear chain: storage and transport control viamagneticﬁeld switching
In this sectionwewill focus on the control of the subradiant excitation transport and storage on a linear one-
dimensional chainwith open boundary conditions, as depicted inﬁgure 4(a) [22, 31, 33, 34].We consider the
initial state to be ñ∣e0 1, representing one excitation at the leftmost site with the rest of the atoms in the ground
state.We further assume that a uniformmagnetic ﬁeldB is applied perpendicularly to the chain (which lies on
the y-axis) and parallel tod0, such that θ=π/2.
The initial excitation is transported to the right of the chain via the dipole–dipole interactions (see
ﬁgure 4(b))until it reaches the other edge of the lattice and bounces back. As in the case of the ring, the excitation
quickly disperses, and acquires a subradiant character when reaching the bulk of the chain (see ﬁgure 4(c)).
However, as the excitation reaches the other edge, the survival probability decays faster, accompanied by an
increase of the activity. Analogously with the case of the ring, the height of the plateau inPsur can be increased by
reducing the ratio a/λ, as illustrated inﬁgure 4(d). Here, in order to facilitate the comparison, the time is scaled
Figure 2. Subradiance on a ring. (a): Decay ratesΓk and energyVkof eachmode ñ∣k0 as a functionof themomentum p=( ) ( )p k k Na2
for a for lattice formedbyN=51 atoms and a/λ=0.08. The gray area indicates stateswhich are superradiant, i.e.Γk>γ. (b)Excitation
probability a∣ ( )∣c t0 2 at siteα as a functionof time given by (20) for an initial excitationon siteα=1. (c)Probability of survival of the
initial excitationPsur (black solid line) and activity á ñK (red dashed line) as a function of time. (d) Survival probability as a functionof time
varying the ratio a/λ from0.05 to 0.1.The exponential decay of a single atom (dashedblue line) is shown for comparison.
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by tpl, which is approximately the time that the excitation takes to reach themiddle of the chain (inversely
proportional to the nearest neighbor exchange rate).
Since the excitation has almost zero decay ratewithin the bulk of the chain, its lifetime is ultimately limited
by the time it takes for it to reach the other boundary, i.e. by size of the system and the value of the exchange
interactions. One can ask, thus, whether it is possible to freeze the transport of thewave packet and conﬁne it in
the subradiant states of the bulk. This can indeed be done by adiabatically changing the direction of the external
magnetic ﬁeld, exploiting that the strength and sign of the exchange interactions depends on the angle between
the transition dipolemomentd0 and the direction of the separation between the atoms θ.
Let us illustrate this protocol via an example depicted inﬁgure 5 for the same parameters used inﬁgure 4. At
t=0, θ=π/2, such that the nearest neighbor interactions are larger than the single atomdecay rate γ (as
shown inﬁgure 5(c), orange line), andmake the excitation propagate into the bulk (see ﬁgures 5(a) and (b)).
When the activity reaches aminimumat t=tmin, the direction of themagnetic ﬁeld is changedwithin the yz-
plane. This switch is done adiabatically, such that it is followed by the transition dipolemoment of the excitation
(i.e. the switching time τ?1/Δ), but quickly enough to keep the excitation from leaving the bulk of the lattice,
such that τ should generally be kept smaller than 1/γ (depending also on the size of the lattice and the ratio a/λ).
The change of themagnetic ﬁeld direction ismathematically equivalent to a rotation of the angle θ between the
quantization axis and the chain from its initial value θin=π/2 to aﬁnal value θf, which leads in turn tomodiﬁed
interactions. In particular, in order to slow down the excitation transport in the bulk, we ﬁx theﬁnal value such
that the nearest-neighbor interaction coefﬁcient is zero, q =( )V a, 000 f (see ﬁgure 5(c), blue line).While this
change does not freeze the excitation transport entirely due to the non-zero values of the exchange rates beyond
nearest neighbors, it does slow it downnotably, as one can see inﬁgure 5(a).Most importantly, the subradiant
character of the propagation is preserved, reﬂected in a constant survival probability Psur and vanishing activity,
as shown inﬁgure 5(b).
The versatility of the systemusing the change in themagnetic ﬁeld direction is further illustrated in
ﬁgure 5(d). Here, we show an examplewhere several changes in the direction of themagnetic ﬁeld allow to
Figure 3. Subradiance-protected wave packet. (a)Decay ratesΓk and energyVk of eachmode ñ∣k0 as a function of themomentum
p=( ) ( )p k k Na2 for a lattice formed byN=51 atoms and a/λ=0.08. The initial wave packet’s probability distribution in
momentum space (blue solid line) is centered at p» -( )p k a0.43s , withwidthσk=π/(16a). Here, the dispersion relation is
approximately linear (blue dashed line to guide the eye). (b)Excitation probability a∣ ( )∣c t0 2 at siteα as a function of time. The initial
wave packet’s probability distribution in real space is sketched on the left. (c)Effective decay rateΓeff/γ of the excitation forN=51 as
a function of a/λ (left panel) and for a/λ=0.08 as a function ofN (right panel).
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switch the direction of travel of the excitation.Most importantly, the activity remains close to zero throughout
all of these changes, as long as the excitation stays in the bulk of the chain.
5.Disorder
Finally, we brieﬂy consider the effect of disorder on the subradiant transport discussed in the previous sections.
In particular, we consider the disorder introduced due to the ﬁnite width of the external wavefunction of each
atom,whichwemodel as a three dimensional Gaussianwithwidthσ centered on the respective lattice sites.
Since the long-ranged exchange interactions V¯ (given by (3)) are functions of the separation between the
atoms, the uncertainty in the atomic positions translates into disorder in the hopping rates in the exchange
HamiltonianH given by equation (2). This kind of positional disorder inHamiltonianswith long-ranged
hopping has been recently studied and found to give rise to localization [47]. Consistently with this, we ﬁnd that
aswe increase σ the eigenstates of theHamiltonian become localized, inhibiting transport. This can be seen in
the top panels ofﬁgures 6(a)–(c), wherewe show the excitation probability a∣ ( )∣c t0 2 as a function of time for
increasing disorder (ratioσ/a) from left to right.
Subradiance is, however, not aﬁne-tuned property but rather known to be robust in the presence of disorder
[49, 50]. Indeed, in each lower panel inﬁgures 6(a)–(c) one can observe that, while increasing disorder has a
detrimental effect on the subradiant statemanifold, in all cases considered the excitation features lifetimes
dramatically longer than the ones of an individual atom.
6. Conclusions and outlook
Wehave investigated the transport of an excitation in a one-dimensional atomic lattice that occurs due to the
coupling of the atoms to the radiationﬁeld. In particular, we have shown that there is a high dimensional
subradiantmanifold that allows for dispersionless transport, control and storage of wave packets.
Figure 4. Subradiance on a linear chain. (a)Dynamics of a single excitation, initially on the leftmost atom (α=1)with transition
dipolemoment perpendicular to the chain, propagating through the chain ofN=25 atomswith a/λ=0.08. (b)Excitation
probability a∣ ( )∣c t0 2 at each siteα as a function of time. (c) Survival probabilityPsur(t) (solid black) and activity gá ñ( )K t (dashed red)
as a function of time. The blue dotted line represents the survival probability in a non-interacting case. (d) Survival probability as a
function of time, varying the ratio a/λ from0.05 to 0.1. The time is given in units of tpl (seemain text).
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However, there are a number of experimental challenges to overcomewhen considering the realization of
such long lived excitation storage in a dissipative system.One is to achieve a sufﬁciently small ratio a/λ such that
highly subradiant states emerge. An example of such a system, using a transition in the triplet series of alkaline
earthmetal atomswith a particularly longwavelength (2.6 μm in strontium), was introduced in [4].With a
single atomdecay rate of γ=290 kHz, a chain of strontium atomswould require quite fast switching times τ for
themagneticﬁeld direction of the order ofmicroseconds or tens ofmicrosenconds (longer switching times are
possible for a larger system size and ratio a/λ, as the excitation takes longer to leave the bulk). The trapping of
these alkaline earthmetal atoms is currently realized experimentally both in optical lattices [52, 53] and tweezer
arrays [54]. Even smaller ratios a/λ can be achieved by using Rydberg states, where the transitionwavelengths
aremuch longer than in low-lying states. An alternative approach that allows subradiant states to emerge for
large ratios a/λ is changing the radiationﬁeld’s boundary conditions by placing, e.g. a surface or awaveguide
[33, 55–62]near the atoms, which in turnmodiﬁes the exchange interaction and dissipation. Another
experimental challenge is the preparation of the subradiant wave packets. In particular, preparing states with one
excitation localized on one or a few sites will require single-site resolution and addressability, which has been
achieved experimentally in optical lattices and tweezer arrays [63–67].Moreover, creating awave packet with a
linear dispersion relationwill require a phase imprintingmechanism, whichmay be challenging to implement
experimentally.
A future direction connecting to this workwill be tomove away from the linear optics regime (single
excitation sector of the dynamics) [33, 35, 37, 38, 68] and consider situationswhere two ormorewave packets
interfere with each other effectively realizing photon–photon interactions in a subradiant decoherence-free
Figure 5.Excitation freezing. Dynamics of a single excitation, initially under the same conditions asﬁgure 4. At the timewhen the
activity isminimized, tmin, themagnetic ﬁeld (Δ=10
3γ) is rotated adiabatically (orange-blue shaded region between dashed lines) to
the optimal angle for storage θf. (a)Excitation probability a∣ ( )∣c t0 2 at each siteα as a function of time. (b) Survival probabilityPsur(t)
(solid black) and activity gá ñ( )K t (dashed red) as a function of time. The insets show individual atompopulations at γtmin=1.79
and γt=6. (c) Interaction strengths in the 1D chain between two atoms in the ñ∣0 state: at t=0, with the dipolemoments of the
atoms aligned perpendicular to the atom separation (orange) and after the change of direction of themagneticﬁeld, when the dipole
moments have followed the change adiabatically and are aligned at an angle θf in order tominimize the coupling between nearest
neighbors (blue). (d)Excitation probability a∣ ( )∣c t0 2 at each siteα as a function of time, where themagnetic ﬁeld is repeatedly switched
fromπ/2 to an angle where the nearest neighbor interactions change sign and viceversa.
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manifold. Such platforms can ﬁnd applications ranging from the creation of non-classical states of light to the
realization of photon–photon quantum gates [69, 70].
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Appendix. Dynamics in the truncatedHilbert space
In this appendixwe give the expressions for the equations ofmotion of each component of the truncated density
matrix (8).We obtain these equations by simply substituting the expression (8) into themaster equation (1),
such that we can split the densitymatrix into the four components r r= á ñ∣ ∣G GGG , r r= á ñaa ∣ ∣G eGe mm ,
r r= á ñaa ∣ ∣e Ge G mm and r r= á ña ba b ∣ ∣e ee e m lm l . The time evolution of each component is given by
Figure 6.Disorder. Survival probability for an initial excitation on a chain ofN=51 atoms and a/λ=0.08 (a) on a single site on a
ring lattice, (b) on an extended gaussianwave packet on a ring lattice and (c) on a single site on a linear 1D lattice. All panels show the
excitation probability a∣ ( )∣c t0 2 at siteα as a function of time and the survival probability without disorder (leftmost panel, black solid
line) and in the presence of disorder (rest of panels and solid red lines), modeled by a gaussian distribution of the positions of the atoms
around the center of each site withwidths s = a a0.01 0.05 (average over 100 iterations of the disorder). The blue dashed line in all
cases represents an exponential decaywith single atomdecay rate γ for comparison.
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